The aim of this study was to evaluate the influence of cultivar and biostimulants on the health status of potato tubers after harvest and after 5 months of storage. The fungal pathogens isolated from potato tuber were cultured on PDA. The biostimulants limited the symptoms of dry rot in cv. Satina after harvest, in stored cv. Irga (Bio-Algeen S-90) and cv. Blaue St. Galler (Kelpak SL). The symptoms of common scab were reduced in stored potatoes cv. Satina in the Asahi SL treatment and the symptoms of late blight in stored potatoes cv. Satina in the Kelpak SL and Trifender WP treatment and in cv. Valfi in the Bio-Algeen S-90 and Kelpak SL treatment. Asahi SL and Kelpak SL decreased the severity of black scurf in stored potatoes cv. Irga. Biostimulants decreased the occurrence frequency of the causative agents of dry rot and black scurf after harvest. Total chlorogenic acid, which is predominant in potato tubers, was present in higher concentrations in the skin than in the flesh. Potato tubers had the highest content of 5-caffeoylquinic acid, followed by neochlorogenic acid (3-caffeoylquinic acid) and cryptochlorogenic acid (4-caffeoylquinic acid). Higher concentrations of chlorogenic acid were found in potato cultivars with blue-purple-and red-colored flesh than in those with yellow-and cream-colored flesh, and in response to the application of the Asahi SL biostimulant and Trifender WP. 
Introduction
The health status of potatoes determines tuber yields and their quality. Pectinolytic bacteria Pectobacterium carotovorum subsp. carotovorum, P. atrosepticum and Dickeya sp. cause soft rot which causes significant losses in stored potatoes (Sławiak et al. 2009 ). In a supportive environment, the above pathogens can latently infect seed potatoes and seedlings (Gardan et al. 2003) . Common scab is caused by a wide variety of Streptomyces species which are ubiquitous and highly virulent pathogens in potato farms (Cullen and Lees 2007) . Potato cultivars are characterized by different susceptibility/resistance to common scab. In the group of around 20 identified species of the genus Streptomyces, S. scabies, S. acidiscabiei and S. turgidiscabiei are the most prevalent causative agents of common scab in potatoes (Lutomirska 2008) . According to Leiminger et al. (2013) , the most pathogenic isolates of Streptomes in Germany include S. europaeiscabiei (predominant species), S. stelliscabiei, S. acidiscabiei, S. turgidiscabiei and S. bottropensis. Dry rot caused by several species of the genera Fusarium and Gibberella is the most serious disease in stored potatoes which decreases potato yields by 6-25% or even up to 60% during long-term storage (Gachango et al. 2012) . Rhizoctonia solani sclerotia overwinter on infected potato tubers; they can survive in soil for several years and infect healthy plants (Larkin and Honeycutt 2006) .
In modern potato farms, the selection of resistant cultivars and the use of biodegradable crop protection agents play equally important roles in disease prevention as agronomic practices, including crop rotation and organic and mineral fertilization. Potato cultivars with colored flesh appear to be more resistant to environmental stressors, including pathogenic infections (Tierno and Ruiz de Galarreta 2016) . According to Hamouz et al. (2010) and Bellumori et al. (2017) , the above can be attributed to the fact that potatoes with colored flesh contain 2 to 10 times more phenolic acids than cultivars with yellow flesh. Terry et al. (2014) demonstrated that phenolic compounds increased plant resistance to pathogens. Phenolic acids are the most abundant phenolic compounds in potato tubers (Singh and Saldana 2011) . Chlorogenic acid -ester of caffeic acid and quinic acid, is the predominant phenolic acid identified in potato tubers (Amado et al. 2014 ). Recent years have witnessed an increased interest in phenolic acids as components of the human diet, due to their health-promoting and antioxidant properties. Terry et al. (2014) demonstrated that phenolic compounds increased plant resistance to pathogens.
The popularity of biological crop protection agents containing bacteria and fungi, including members of the genus Trichoderma, is on the rise (Youssef et al. 2016) . Biological protection agents have antibiotic and antiparasitic properties; they compete for nutrients with pathogens, induce systemic resistance and defense responses to the point of pathogen attack (biotic stress). In a study by Buysens et al. (2016) , the application of T. harzianum and Rhizophagus irregularis to alfalfa (Medicago sativa) grown as a cover crop increased potato yields. Synthetic biostimulants (growth regulators, inorganic salts, phenolic compounds) and natural biostimulants (plant, bacterial and algal extracts) are also increasingly often used in agricultural practice (Tambascio et al. 2014) . Algal extracts have complex composition and deliver various benefits, including greater yields (Wierzbowska et al. 2015) and higher resistance to abi-otic and biotic stress (Kosanić et al. 2015; Esserti et al. 2017) . Commercial extracts of Ascophyllum nodosum (BioAlgeen S-90), Fucus spp., Laminaria spp., Sargassum spp. and Turbinaria spp. brown algae are most popular. The Vacciplant biological fungicide containing the extract of Laminaria digitata brown alga elicited defense responses in infected plants (Chojnacka et al. 2012) . The spread of Pectobacterium carotovorum was effectively inhibited by acetone extracts of brown algae (Sargassum polyceratium) (Kumar et al. 2008) and methanol extracts of Padina gymnospora (Ibraheem et al. 2017) . The Kelpak SL biostimulant containing the extract of Ecklonia maxima brown algae reduced the severity of black spot (Alternaria spp.) in rapeseed and Fusarium foot rot in cereals (Horoszkiewicz-Janka and Jajor 2006). Bio-Algeen S-90 Plus 2 improved the health status of barley, husked and naked oats (Horoszkiewicz-Janka and Michalski 2006). The extract of green algae of the genus Ulva protected common beans against Colletotrichum lindemithianum (Paulert et al. 2009 ), prevented the spread of Blumeria graminis in barley (Paulert et al. 2010) , and the spread of powdery mildew (Erysiphe polygoni, E. necator and Sphaerotheca fuliginea) in beans, grapevines and cucumbers (Jaulneau et al. 2011) . The effectiveness of biostimulants applied to plants exposed to stressors, as compared with greenhouse-grown plants, and their influence on plant health remains debatable (Calvo et al. 2014) .
The aim of this study was to evaluate the influence of cultivar and biostimulants, important components of integrated crop protection systems, on the health status of potato tubers at harvest and after 5 months of storage and content of chlorogenic acids.
Materials and Methods
The experiment was performed on the tubers of five cultivars of edible potatoes grown in a micro-plot field experiment in the Agricultural Experiment Station in Tomaszkowo near Olsztyn (53°41 0 N, 20°24 0 E) in 2013-2015. The experiment had a randomized sub-block design with three replications. Two of the analyzed potato cultivars, Irga (cream-colored flesh) and Satina (yellowcolored flesh), are registered on the Polish National List of Agricultural Plant Varieties, and three cultivars, Valfi, Blaue St. Galler (blue-purple-colored flesh) and Highland Burgundy Red-HB Red (red-colored flesh), are listed in the European Common Catalogue of Varieties of Agricultural Plant Species. The soil, climate and agronomic conditions of the experiment have been described elsewhere (Głosek-Sobieraj et al. 2018) . Seed potatoes were planted in heated soil, 40 cm apart, with inter-row spacing of 67.5 cm. During the growing season, the following treatments were applied according to the manufacturers' recommendations:
Asahi SL (0.1% solution; natural nitrophenols:, 0.3% para-nitrophenol sodium salt, 0.2% ortho-nitrophenol sodium salt, 0.1% 5-nitroguaiacol sodium salt) (beginning from stage BBCH 39; cover crop complete); Bio-Algeen S-90 (1% solution; extract of Ascophyllum nodosum brown algae, amino acids, vitamins, alginic acid, N-0.2, P2O5-0.06, Control plants were not treated with the above biostimulants.
The severity of common scab (Streptomyces scabies) and black scurf (Rhizoctonia solani) was evaluated in 100 randomly sampled potato tubers at harvest and after 5 months of storage (at a temperature of 5°C). The results of phytopathological evaluations were expressed in percentage by calculating the infection index according to the formula proposed by McKinney (Łacicowa 1970 , N-total number of analyzed plants, I-highest severity score. The severity of soft rot (Pectobacterium carotovorum subsp. carotovorum, Dickeya spp.), late blight (Phytophthora infestans) and dry rot (Fusarium spp., Gibberella spp.) was evaluated in a 5 kg sample of potato tubers. The results were expressed by the percentage mass of infected tubers.
In a laboratory, fungal pathogens were isolated from potato tubers at harvest and after 5 months of storage. Cubes of potato flesh with skin, measuring 0.5 × 0.5 × 0.5 cm, were cut out from 30 tubers (pooled sample from three microplots per treatment) from every experimental treatment. Potato cubes were disinfected with 50% ethanol and 0.1% sodium hypochlorite for 1 min each. They were rinsed three times in sterile water, dried on filter paper, placed on PDA (Sigma Aldrich) and incubated for 7 days in darkness at a temperature of 22°C. Fungal colonies were identified.
Qualitative and quantitative analyses were performed by high-performance liquid chromatography (HPLC) using a photodiode array detector (PDA), coupled with mass spectrometry (Gliszczyńska et al. 2006 
Results and Discussion

Severity of Potato Diseases
The average monthly temperatures between May and August 2013-2015 approximated the long-term average. In the analyzed months, total precipitation in the first growing season was close to the long-term average. In the following two growing seasons, total precipitation was 24 and 43% lower than the long-term average, respectively. The lowest precipitation was noted during tuber formation in 2014, which could have contributed to common scab infections. Weather conditions were not conducive to the spread of dry rot, soft rot, late blight and black scurf. In 2013, the volume and distribution of precipitation between the last ten days of June and the first twenty days of July could have contributed to the severity of the above infections in stored potatoes. The severity of common scab is determined by varietal susceptibility to disease, pathogen virulence, environmental conditions and the date of infection (Cullen and Lees 2007) . According to Lenc (2006) , the volume and distribution of precipitation in summer influence the severity of potato skin diseases. In this study, common scab symptoms were most severe on the tubers of the analyzed potato cultivars, particularly in 2014, characterized by low precipitation levels during tuber formation. In the above year, Valfi and Blaue St. Galler tubers were infected in 75% immediately after harvest, whereas 70% of Valfi, Blaue St.
Galler and Satina tubers were infected after 5 months of storage (Table 1 ). An analysis of the mean values noted in the examined cultivars and years indicates that potato cvs. Satina, Valfi and Blaue St. Galler were most severely infected (60%) in the second year of the study, whereas in the remaining years of the experiment, the highest in- The mean values noted in the examined cultivars and treatments indicate that biostimulants significantly intensified the symptoms of common scab in potatoes cv. Irga, but did not induce significant differences in disease severity between the remaining cultivars and treatments. The severity of common scab did not increase with storage time. Bacterial infections were most severe in tubers cv. Satina harvested in successive years of the study. In the above cultivar, disease symptoms were significantly reduced only in the treatment with the Asahi SL biostimulant. The applied biostimulants did not induce significant differences in the severity of the disease in the remaining cultivars. According to Sawicka (1999) , growth regulators (Mival, Potejtin, Moddus 250 ME) intensified the severity of Streptomyces scabies infections, in particular in dry years. 2,4-dichlorophenoxyacetic acid (2,4-D) reduced the symptoms of the disease caused by S. scabies (Waterer 2010 ) and influenced the growth of potato plants, potato yields and the color of red-skinned cultivars (Red LaSoda and TerraRosa) (Thornton et al. 2013) . In a previous study by Cwalina-Ambroziak et al. (2015) , Bio-Algeen S-90 and Kelpak SL growth regulators and the Asahi SL biostimulant did not affect the severity of common scab, soft rot and black scurf on stored potato tubers. Bains et al. (2002) reported differences in the incidence and severity of black scurf between potato cultivars. Lutomirska (2008) observed such differences between experimental years and concluded that high soil moisture content and low ambient temperature contributed to the spread of R. solani. In this study, the infection index was highest in 2015 (with evenly distributed precipitation in July) in potatoes cv. Irga grown without and with the Trifender WP biostimulant, at 11 and 14% at harvest, and at 14.8 and 13.5% after 5 months of storage, respectively (Table 2 ). An analysis of the mean values revealed that freshly harvested potatoes cv. Irga were most severely infected with Rhizoctonia solani (highest infection index of 8.6% in 2015) in suc- cessive years of the experiment, and these results differed significantly from those noted in the remaining cultivars. In 2013, less than 2% of Valfi, Blaue St. Galler, HB Red and Satina potatoes were infected. The applied biostimulants limited the severity of black scurf in tubers cv. Satina, but the observed differences were not significant relative to the control treatment. A significant increase in the severity of black scurf was noted in potatoes cv. Irga treated with the Trifender WP biostimulant. The above observations contradict the results of published studies where Trichoderma spp. species were more effective antagonists of R. solani in infected than in healthy potatoes (Anees et al. 2010) , and in soils with a higher abundance of sclerotia (Grosch et al. 2006) . In potatoes cvs. Valfi, Blaue St. Galler and HB Red, the prevalence of black scurf was similar at harvest and after 5 months of storage. Asahi SL and Kelpak SL reduced the severity of the disease in tubers cv. Irga and Satina, but the observed difference was significant relative to the control treatment only in cv. Irga. The applied biostimulants exerted varied effects on the remaining cultivars. The extracts of Stokeyia indica and Padina pavonia brown algae and Solieria robusta red alga were effective in protecting Abelmoschus esculentus against Rhizoctonia solani (Sultana et al. 2005) . Raj et al. (2016) reported on the fungicidal effects of the extract of Sargassum swartzii brown algae which limited the spread of Rhizoctonia solani infections in rice. According to the above authors, the algal extract stimulated a defense response in rice plants by inducing phenols and early accumulation of phytoalexins. In a previous study by Cwalina-Ambroziak et al. (2015), potatoes cvs. Irga and Satina were most severely infected with R. solani (7%) in the treatment with the Asahi SL biostimulant. In the cited experiment, Bio-Algeen S-90 and Kelpak SL growth regulators and the Asahi SL biostimulant exerted varied effects on the spread of black scurf in stored tubers cvs. Irga and Satina. The symptoms of soft rot were observed sporadically at harvest and after 5 months of storage and dry rot and late blight at harvest in all experimental years. Low precipitation levels in May, June and early July (especially in the last K two years of research) and the resulting low soil moisture content did not support the spread of soft rot (symptoms of the disease were observed on individual tubers). According to Kurzawińska and Mazur (2010) , potato tubers infected with Phytophthora infestans are more susceptible to diseases caused by P. carotovorum subsp. carotovorum and fungi of the genus Fusarium. In this study, the prevalence of dry rot was also relatively low. The percentage of infected tubers was highest in cv. Irga, after harvest (13% on a mass basis) in the Kelpak SL treatment and after 5 months of storage (around 28%) in the Trifender WP treatment (Table 3 ). An analysis of the average values of the infection index across cultivars and years revealed that potatoes cv. Irga were most affected by dry rot (only 5% on a mass basis) after harvest in 2013. In the remaining cultivars treated with biostimulants, the infection index did not exceed 1%. The above products limited the spread of dry rot in tubers cv. Satina, whereas Bio-Algeen S-90, Kelpak SL and Trifender WP exerted a stimulating influence on potatoes cv. Irga. The disease progressed during storage, and its symptoms were most visible in potatoes harvested in the first growing season, which could be attributed to high precipitation between late June and the second half of July. The severity of the disease differed between the analyzed cultivars in the first and last year of the study, and HB Red (and Valfi in the last year of the experiment) was least affected. Dry rot symptoms were reduced in potatoes cvs. Irga and Blaue St. Geller harvested from plants treated with Bio-Algeen S-90 and Kelpak SL biostimulants, respectively. An analysis of mean values across treatments revealed higher severity of dry rot at harvest in the Kelpak SL treatment and after storage in the Trifender WP treatment. In the work of Patel and Saraf (2017) , Trichoderma asperellum MSST effectively protected tomatoes against Fusarium oxysporum f. sp. lycopersici. According to Surekha et al. (2014) , the above can be attributed to the induction of phenolic compounds by the Trichoderma viride fungus in Vigna mungo plants infected with F. oxysporum and Alternaria alternata fungal pathogens. In a study by Reiter et al. (2012) , maleic hydrazide (MH-30) had a minor (Sultana et al. 2005) and Glycine max (Sultana et al. 2011) . Root infections caused by F. solani in Solanum melongena L. were effectively mitigated by extracts of Spatoglossum variabile, Polycladia indica and Melanothamnus afaqhusainii (Baloch et al. 2013 ) and powdered extracts of Padina gymnospora, Sargassum latifolium and Hydroclathrus clathratus applied to soil (Ibraheem et al. 2017) . Late blight symptoms were observed sporadically in only 1% of the mass of potatoes cv. Irga at harvest in 2013 and potatoes cv. Satina in 2014. The remaining cultivars were not affected by the disease (Table 4) . Disease symptoms were observed in stored tubers harvested in every year of the study, excluding Blaue St. Galler and HB Red in the last two years of the experiment. The above could be indicative of a latent infection with Phytophthora infestans.
Potatoes cv. Blaue St. Galler were most significantly affected by late blight (10% on a mass basis) in 2013, probably due to high precipitation levels in June and July, which were twice higher than those noted in the corresponding months of 2014 and 2015 (similarly to dry rot). Kelpak SL and Trifender WP biostimulants reduced the severity of late blight in stored tubers cv. Satina. Potatoes cv. HB Red harvested from plants treated with biostimulants were not affected by the disease. The severity of late blight increased in tubers cv. Blaue St. Galler harvested from all treatments. An analysis of the average values of the infection index in the experimental treatments demonstrated that Bio-Algeen S-90 and Trifender WP exacerbated disease symptoms in stored potatoes. In a previous study, Bio-Algeen S-90 and Kelpak SL growth regulators and the Asahi SL biostimulant reduced the severity of late blight and dry rot in potato tubers .
Fungi Isolated from Potato Tubers
The analyzed pathogens were more abundant on potato tubers at harvest (from 26.4 to 31.7% in the Kelpak SL treatment and the control treatment, respectively) than after 5 months of storage (from 8 to 15% in Bio-Algeen S-90 and Asahi SL treatments, respectively) ( Table 5 ). The predominant pathogens were Fusarium spp. and Gibberella spp. fungi as well as Alternaria spp. which colonized 12% of tubers harvested from plants not treated with biostimulants and from plants treated with the Trifender WP biostimulant. Rhizoctonia solani, Colletotrichum coccodes and Pythium spp. were less frequently isolated, and the presence of Helminthosporium solani was noted sporadically (only at harvest). In Poland, dry rot is most often caused by F. sulphureum, Gibberella pulicaris and Haematonectria hematococca, and mechanically damaged potatoes are more susceptible to infection (Kurzawińska and Gajda 2002) . The above pathogens are components of fungal communities colonizing potato tubers, and C. coccodes was the predominant species in a previous study by Cwalina-Ambroziak et al. (2015), unlike in the current experiment. Pathogens of the genera Fusarium and Gibberella accounted for only 6% of all fungi isolated from stored potatoes (Asahi SL treatment), whereas pathogens of the genus Alternaria had a 5% share of the fungal community in the control treatment and the Trifender WP treatment. The applied growth regulators limited the occurrence frequency of the causative agents of dry rot and black scurf after harvest. CwalinaAmbroziak et al. (2015) isolated the smallest number of pathogens from potatoes harvested from plants treated with Asahi SL. In the present study, a higher number of antagonists were isolated from potatoes grown from plants treated with biostimulants at harvest than after 5 months of storage. The tested biostimulants also increased the populations of saprophytes of the order Mucorales after harvest and after 5 months of storage. Their share of fungal isolates did not exceed 7% (Asahi SL treatment) in freshly harvested potatoes and 5% (Bio-Algeen S-90 treatment) in stored tubers. The large community of Penicillium species continued to increase during storage, and their abundance was not influenced by the applied biostimulants.
The Content of Chlorogenic Acids
Total chlorogenic acid was present in higher concentrations in the skin than in the flesh of potato tubers analyzed at harvest and after storage. At harvest, the chlorogenic acid content of potato skin ranged from 77.9 mg g -1 DM (Irga, Kelpak SL) to 458.7 mg g -1 DM (Valfi, Trifender WP) in 2013, and the chlorogenic acid content of potato flesh ranged from 8.0 mg g -1 DM (Irga, Bio-Algeen S-90) to 121.2 mg g -1 DM (Blaue St. Galler, Asahi SL) in 2014 (Table 6 ). Our results are consistent with the findings of other authors (Albishi et al. 2013; Ezekiel et al. 2013) . In the present study, the concentrations of chlorogenic acid (mean values for cultivars) in the skin and flesh of potato tubers were similar across years. Significantly higher concentrations of chlorogenic acid were found in potato cultivars with blue-purple-and red-colored flesh than in those with yellow-and cream-colored flesh. Hamouz et al. (2013) noted higher levels of chlorogenic acid in potato tubers in warm locations with regular periods of drought than in high-altitude locations. Nemś et al. (2015) observed the highest concentrations of phenolic compounds in potato cultivars with purple flesh (Blaue Cango and Blaue Annelise), 2-fold lower in potato cultivars with red-colored flesh (Herbie 26 and Rote Emma), and 3-and 5-fold lower in traditional potato cultivars (Vineta and Fresco).
In a study by Zarzecka et al. (2019) , the phenolic content of potato tubers ranged from 150.1 to 166.5 mg kg -1 fresh weight, and it was significantly affected by cultivar and the applied herbicides and biostimulants (Asahi SL and Kelpak SL). In the current experiment, a significant increase in chlorogenic acid content, relative to control, was noted at harvest in all years the study in the skin of potato tubers cv. (Table 7) . Madiwale et al. (2011) reported an increase in the concentrations of chlorogenic acid, caffeic acid and sinapinic acid in potato tubers stored for 90 days at a temperature of 3°C. Galani et al. (2017) demonstrated that the levels of total phenolic compounds increased and then decreased in potato tubers stored at room temperature (25-32°C). The cited authors observed fluctuations in the content of phenolic compounds throughout storage at 4 and 15°C, which was higher on the last day of observation than on the first day. Contrary results were reported by Singh and Saldana (2011) who noted losses in Table 6 Content of chlorogenic acids (sum of 5-CQA; 4-CQA and 3-CQA) in potato tubers after harvest (mg 100 g phenolic compounds during storage, especially at high temperatures (around 10°C) (Andre et al. 2009 ). In the present experiment, the experimental factors-cultivars, biostimulants and years of the study modified the content of individual chlorogenic acids in the skin of potato tubers analyzed at harvest and after storage (the concentrations of chlorogenic acids in potato flesh were low which resulted in small differences) ( Fig. 1 and 2 ). The predominant phenolic acid was chlorogenic acid (5-caffeoylquinic acid/5-CQA). The content of neochlorogenic acid (3-caffeoylquinic acid/3-CQA), in comparison with cryptochlorogenic acid (4-caffeoylquinic acid /4-CQA), was somewhat higher in the skin of potato tubers than in the flesh in all years of the study, it was higher in treatments with Asahi SL and Trifender WP, and in cv. Valfi and Blaue St. Galler. According to Maldonado et al. (2014) , chlorogenic acid accounts for 90% of all phenolic compounds in potato skin, where it is present in the form of three major isomers (mentioned above).
Conclusions
The severity of potato diseases was significantly influenced by weather and genetic factors conditioning resistance in the analyzed cultivars, whereas the applied biostimulants exerted minor effects. The harvested and stored potatoes were most affected by common scab, in particular in the second growing season. Black scurf, dry rot and late blight did not pose a significant threat, and soft rot symptoms were observed sporadically. A minor increase in the severity of the analyzed diseases was noted during storage. In harvested and stored potatoes, tubers cvs. 
